Small ruminant lentiviruses (SRLVs) represent a group of viruses infecting sheep and goats worldwide. Despite the high heterogeneity of genotype A strains, which cluster into as many as ten subtypes, genotype B was believed to be less complex and has, so far, been subdivided into only two subtypes. Here, we describe two novel full-length proviral sequences isolated from Sarda sheep in two Italian regions. Genome sequence as well as the main linear epitopes clearly placed this cluster into genotype B. However, owing to long-standing segregation of this sheep breed, the genetic distances that are clearly .15 % with respect to B1 and B2 subtypes suggest the designation of a novel subtype, B3. Moreover the close relationship with a gag sequence obtained from a Turkish sheep adds new evidence to historical data that suggest an anthropochorous dissemination of hosts (small ruminants) and their pathogens (SRLV) during the colonization of the Mediterranean from the Middle East.
The small ruminant lentiviruses (SRLVs) represent a very heterogeneous group of viruses infecting goat and sheep. Based on a limited number of complete sequences, they were initially described as two distinct genetic groups evolving independently in sheep or goats, with the ovine strains being closely related to each other and distinct from the caprine ones.
Over the past two decades, the description and phylogenetic analysis of many partial or complete sequences of caprine and ovine field isolates from various geographical regions have clearly highlighted the existence of a genetic continuum, with viruses that did not simply cluster according to the animal species they were isolated from. To date, SRLVs have been classified into five genotypes. At least three genotypes are well represented in Italy: genotype A, which includes the visna maedi virus (VMV) cluster, genotype B, which includes caprine arthritis encephalitis virus (CAEV) and genotype E, thus far described only in Italy as two distinct subtypes and which are strictly associated with the goat population and widely distributed in Sardinia (Grego et al., 2007; Reina et al., 2011) .
With the exception of genotypes C, D and E, which seem to be geographically restricted to limited areas, genotypes A and B have been described worldwide with well-known associated diseases. Highly heterogeneous VMV-like strains cluster into as many as ten subtypes while genotype B seems to be less complex and has so far been subdivided into only two subtypes, B1 and B2 (Leroux et al., 2010; Pisoni et al., 2010) . The former (prototype strain CAEV Cork, Saltarelli et al., 1990) which is associated with arthritis, mastitis, encephalitis and pneumonia, was originally detected in some goat breeds such as the French and Swiss Alpine and the Saanen. The wide distribution of B1 has been associated with extensive animal trading owing to the improved milk production of 3These authors contributed equally to this work. these breeds. Subtype B2 (prototype strain 492, Glaria et al., 2009) has been detected in several sheep breeds in Europe and is associated with pneumonia, arthritis and mastitis (Glaria et al., 2009; Grego et al., 2002; Valas et al., 1997) .
Owing to the antigenic heterogeneity of some linear epitopes within gag products, animals infected with genotypes A, B or E can be conveniently serotyped based on differential reactivity against the corresponding antigen subunit, representing a simple and cost-effective alternative to genetic analysis. In this context, serological surveys carried out in the past decade revealed that several Italian sheep flocks were infected with CAEV-like and E strains (Grego et al., 2002 (Grego et al., , 2005 Reina et al., 2011) .
In a previous study, a flock of Sarda sheep located near Volterra (Tuscany region, Italy), which was showing clinical signs of mastitis and pneumonia, was found to be serologically reactive against genotype B epitopes. However, the virus isolated from a seropositive sheep, although characterized as CAEV-like by phylogenetic analysis of the pol region, could not be assigned to the previously described clusters, suggesting that the genetic heterogeneity of genotype B could be more complex than previously thought (Grego et al., 2005) . More recently, a serological survey carried out in Sardinia has revealed that Sarda sheep flocks were mainly infected with genotype B strains , and partial pol sequences revealed substantial similarity with the Volterra isolate (S. Dei Giudici, personal observation). Since the Sarda sheep represent the major Italian sheep breed, accounting for more than 4 million head, approximately half of which are reared in Sardinia and the rest in central Italy, the full genetic characterization of Sarda sheep-associated lentiviruses may be important from a biological and diagnostic point of view.
In this study, we present the full genomic characterization of two strains obtained from distinct regions (Sardinia and Tuscany, Italy), providing evidence for the circulation of a new subtype, B3, infecting sheep and goat. Moreover a substantial similarity with a Turkish SRLV gag sequence was found, thus suggesting an alternative route of SRLV dissemination during the Mediterranean colonization.
The ovine Sardinia 22921-Co4 isolate, named Fonni, was obtained from a seropositive sheep by co-cultivation of blood monocyte-derived macrophages (BMDM) with ovine choroid plexus cells. The isolate Volterra, obtained from lung tissue explants from a seropositive sheep showing signs of mastitis and pneumonia, was propagated on ovine fetal lung fibroblasts (OFL). Supernatants from cultures showing cytopathic effect were aliquoted and stored at 280 u C. Proviral DNA of both isolates was extracted from infected cultures and amplified with universal and sequence-derived primer sets. All the primer sequences used in this study are available upon request. Overlapping amplicons spanning the whole proviral genome were cloned into pCR2.1-TOPO TA vector (Invitrogen) and were sequenced in both strands or directly sequenced (BMR genomics). Additional partial gag and pol sequences were obtained from sheep and goats from Sardinia flocks using the primer set and previously described conditions (Eltahir et al., 2006; Grego et al., 2007) . All of the new sequences clustered together with Fonni and Volterra B3 prototypes, showing an overall divergence of 16.01 % (gag partial sequence) and 16.91 % (pol partial sequence). A 1.3 kb gag complete gene sequence was obtained from a Turkish sheep in a previous study (strain TR-DM, unpublished data).
The overall nucleotide and amino acid divergences between Fonni and Volterra strains, expressed as the mean proportion of differences among sequences (Nei, 1987) , were 17.89 and 14.77 %, respectively. Nucleotide and amino acid similarity to reference genomes were evaluated and are reported in Table 1 . All phylogenetic analyses were performed by selecting the best molecular evolutionary model using the ModelTest software (Posada & Buckley, 2004) , and creating phylogenetic trees using Bayesian approaches implemented in the MrBayes software (Ronquist & Huelsenbeck, 2003) . In particular, the phylogenetic tree obtained by using all concatenated genes was built and included the three different molecular evolutionary models in the partitioned dataset of sequences.
The viral genome of the Fonni isolate consists of 9148 nt and includes gag (1320 nt), pol (3201 nt), vif (687 nt), tat (264 nt) and env (2814 nt) coding regions. Rev protein is encoded by two exons (117 and 297 nt), which are both included in the env gene sequence. The Volterra isolate viral genome is 9152 bp and has a very similar organization, including gag (1320 nt), pol (3339 nt), vif (690 nt), tat (264 nt) and env (2808 nt) coding regions. Rev protein is encoded by two exons (120 and 285 nt), which are both included in the env gene sequence. Since the viral sequences were obtained by overlapping PCR fragments, they may not represent the sequence of a single provirus. However, their genetic organization reflects that of the classical replication-competent SRLVs prototypes.
In order to gain some insight into the biological features of these new viral strains, the U3 region was analysed. The Fonni and Volterra strains share very similar organization of the promoter region, which contains the highly conserved AML (acute myeloid leukaemia) motif (Murphy et al., 2010) and the AP4 tandem repeat, which has been found to be necessary and sufficient for efficient transcriptional activation (Juganaru et al., 2010; Mermod et al., 1988) . The tumour necrosis factor (TNF)-activated transcription site (Murphy et al., 2007) and the AP1 sequence (Gabuzda et al., 1989) were slightly heterogeneous compared with CAEV strains (data not shown). A putative CAAAT motif is present in the Volterra promoter and is identical to the one described in visna virus (Hess et al., 1985) , whereas gamma-activated sites were absent in both isolates. Interestingly, the LTR of pulmonary and neurological VMV strains carries one and two copies, respectively, of the CAAAT motif, suggesting a role in the onset of respiratory and neurological disease (Oskarsson et al., 2007) . Therefore, the pathogenic potential of the strains characterized in the present study needs to be carefully evaluated.
Phylogenetic analysis was performed by alignment of the newly obtained sequences with reference genomes. The overall nucleotide diversity for each gene (Table 1) supported the identification of the new isolates as members of genotype B. However, owing to the substantial genetic distances (clearly .15 %) between the Fonni and Volterra genomes with respect to the B1 and B2 subtypes, a third B subtype named B3 was proposed. The establishment of this new subtype fulfils the criteria recommended in the human immunodeficiency virus field, whereby at least two epidemiologically unlinked isolates should be sequenced in their entirety (Robertson et al., 1999) . Moreover, the circulation of this new subtype is confirmed by partial gag and pol sequences from several caprine and ovine samples obtained in this study and collected in the Sardinia region. All new sequences were deposited in GenBank. The assignment to genotype B was also strongly supported by the similarity of the immunodominant regions; in fact, Fonni and Volterra presented CAEV-like epitopes in gagMA, gagCA and envTM sequences (Table 2) . While the sequence of env hypervariable region 1 (HV1) maintained the typical pattern GNXT, differences were also found in hypervariable region 2 (HV2, Table 2 ). High heterogeneity is also clear in the SU5 amino acid sequence, supporting the high specificity of this immunodominant region (Carrozza et al., 2009) . The phylogenetic tree based on concatenated gag, pol and env genes (Fig. 1a) clusters the new isolates within the genotype B clade, confirming the existence of the novel subtype. The same tree topology was obtained using only complete gag sequences. Of note is the close relationship between the new isolates and the Turkish ovine isolate TR-DM (Fig. 1b) . There is no clear evidence of animal trade between Turkey and Sardinia in the recent past. However, the close similarity of the Turkish sequence to the two Italian sequences seems to indicate recent segregation of these viruses. Additional sequence data will be necessary to support the phylogenetic clade structure and to clarify the relationships among these viral strains. There is a substantial amount of data suggesting that this might have occurred during the Neolithic age following colonization of the Mediterranean. Moreover, the recent finding that bulk milk samples from Turkish sheep and goats were reactive against antigen derived from genotype E (D. Muz, unpublished personal observation), which to date has been found strictly associated with goat species in Sardinia , further supports this ancient epidemiological linkage. This point is particularly interesting because a fascinating hypothesis is emerging: since the goat is believed to be the first domesticated and anthropochorous mammal of the Mediterranean Islands (Masseti, 2009; Naderi et al., 2007) it could be argued that segregation of the goats for centuries in Sardinia may have led to increased fitness of the animals infected with genotype E compared with those infected with other viral genotypes. This aspect is possibly because of the reduced virulence of genotype E, characterized by dUTPase and VPR-like deletion, its limited or impaired cross-species transmission and its ability to trigger an immune response against SRLVs of other genotypes , thus avoiding clinical disease. Although further studies are needed to assess the following hypothesis, it is conceivable that type B virus (specifically subtype B3 in Sardinia) was introduced to Sardinia through infected domesticated sheep (which originated later than domesticated goats) (Masseti, 2009 ) while maintaining its capacity to infect sheep and goats, as suggested by the characterization of several B3 gag and pol sequences.
Specifically, to determine the ability of the viral isolate Fonni to infect caprine cells and lead to a productive HEK-293T cells in six-well plates as previously described . Pseudotyped virus was collected 40 h post-transfection, clarified by centrifugation and frozen in aliquots at 280 uC. Subconfluent goat synovial membrane, OFL and BMDM cell cultures in 24-well plates were inoculated with 200 ml of serial 1 : 10 dilutions of CAEV-AP/Fonni. Following 2 h incubation at room temperature with occasional agitation, 1 ml of DMEM (Sigma)/10 % FBS (Invitrogen) was added to the cells and incubation proceeded for 72 h at 37 u C. Foci of infected cells were identified by HPAP staining as described (Hötzel & Cheevers, 2003) . Titres were expressed as focus-forming units (f.f.u.) per millilitre. The entry assay clearly indicated that the envelope protein derived from the Fonni strain allowed efficient entry in both sheep and goat target cells, using a still-unknown cellular receptor(s) and producing a mean of 6.44610 3 f.f.u. ml 21 in BMDM and from 1610 4 (caprine) to 2.4610 4 (ovine) f.f.u. ml 21 in fibroblast-like cells. This is in agreement with the typical features of genotype B subtypes, which are able to pass the cross-species barrier (Pisoni et al., 2005; Germain & Valas, 2006 ).
In conclusion, we report the full genome proviral sequences of two SRLV isolates associated with the Sarda sheep breed in Italy and propose the designation of the new subtype B3 within the CAEV-like cluster. While the pathogenic potential of this subtype needs to be determined, the infection of both sheep and goat with subtype B3 can be diagnosed using currently available serological tests, owing to the antigenic similarity with existing subtypes. The evidence of a Turkish SRLV gag sequence clustering with subtype B3 supports an ancient epidemiological linkage within the Mediterranean basin. From this perspective it would be very interesting to increase our knowledge of the genetic background and evolution of SRLVs in the Fertile Crescent area where small ruminant domestication occurred.
The increasing number of SRLV sequences from the geographical areas still unexplored in SRLV phylogenetic studies will require reassessment of the classification of these viruses.
